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Abstract—The aim of the study was to use a computational
and experimental approach to evaluate, compare and predict
the ability of calcium phosphate (CaP) and poly (methyl
methacrylate) (PMMA) augmentation cements to restore
mechanical stability to traumatically fractured vertebrae,
following a vertebroplasty procedure. Traumatic fractures
(n = 17) were generated in a series of porcine vertebrae using
a drop-weight method. The fractured vertebrae were imaged
using lCT and tested under axial compression. Twelve of the
fractured vertebrae were randomly selected to undergo a
vertebroplasty procedure using either a PMMA (n = 6) or a
CaP cement variation (n = 6). The specimens were imaged
using lCT and re-tested. Finite element models of the
fractured and augmented vertebrae were generated from the
lCT data and used to compare the effect of fracture void ﬁll
with augmented specimen stiffness. Signiﬁcant increases
(p< 0.05) in failure load were found for both of the
augmented specimen groups compared to the fractured
group. The experimental and computational results indicated
that neither the CaP cement nor PMMA cement could
completely restore the vertebral mechanical behavior to the
intact level. The effectiveness of the procedure appeared to be
more inﬂuenced by the volume of fracture ﬁlled rather than
by the mechanical properties of the cement itself.
Keywords—Spine, Biomechanics, Vertebroplasty, Computa-
tional, Finite element, Calcium phosphate, Burst fracture,
Trauma.
INTRODUCTION
The annual incidence of high-energy spinal fractures
is reported to be as high as 150,000 in the United States
alone.49 Traumatic burst type fractures often occur
when the spine is loaded under high-rate axial com-
pression, frequently coupled with ﬂexion or exten-
sion.24,35,63 The most common causes of such fractures
are falls from height, motor vehicle accidents or sports
injuries3,28 and prevalence in the younger population
(20–40 years of age) is widely reported.3,7,28 The term
‘‘burst fracture’’ was ﬁrst deﬁned by Holdsworth21 in
1963 as a stable fracture brought about by high impact
axial compression. It was deemed to be stable due to
the location of the injury being anterior of the pos-
terior ligament complex. Denis13 later suggested
instability could not be determined by the compromise
of the posterior ligament complex alone and proposed
that the rupture of the posterior longitudinal ligament
and the annulus ﬁbrosus also implies instability. The
classiﬁcation of the injury and assessment of the sta-
bility are critical if appropriate treatment is to be
administered, however this is not trivial because the
concept of spinal stability is ambiguous and often
difﬁcult to deﬁne.45 In addition, the injuries sustained
following spinal trauma can vary signiﬁcantly in
severity35 often causing a wide variety of symptoms
and fracture patterns.
Surgical intervention for traumatic burst fractures is
often highly invasive, especially when instrumentation,
either posterior and/or anterior, is involved60 and as
such the decision on whether to treat surgically is
strongly debated. Vertebroplasty, involving the per-
cutaneous injection of liquid bone cement into the
fracture site, has only recently been considered as a
possible alternative to traditional surgical treatment of
burst fractures, and there is still only a limited number
of clinical case studies reporting its use.1,9,10,15,26
These studies concluded that the treatment has the
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potential to reduce reliance on painkillers and increase
mobility.26
Vertebroplasty beneﬁts from being a minimally
invasive procedure; however the poly (methyl meth-
acrylate) (PMMA) cement commonly used may not be
optimal for traumatic burst fracture augmentation. It
is not osteoconductive, so it cannot be fully integrated
with bone. In addition, the cement experiences a high
exothermic temperature during polymerization reac-
tion, which has been shown to exceed 70 C,14,16,29,46
potentially leading to surrounding tissue necrosis.19
Injectable calcium phosphate (CaP) cements have been
considered as an alternative to PMMA as they have
the potential to be osteoconductive, encouraging bone
in-growth and remodeling. Additionally, the setting
reaction occurs at body temperature. However, CaP
cements are often associated with long setting times
and are characteristically brittle. A limited number of
studies exist that have investigated CaP cement for the
augmentation of burst fractures,34,36,52 and one clinical
case study has reported successful application and
favorable outcomes following augmentation of
an osteoporotic burst fracture using a CaP cement
variation.37
The concept of using ﬁnite element (FE) analysis for
modeling the spine is relatively new, but in recent years an
increasing number of studies have adopted the technique
to evaluate speciﬁc aspects of the complex biomechanics
of the spine.30,38,50,65,66 In addition, there are examples of
the application of FE modeling for the assessment of the
vertebroplastyprocedureonosteoporotic vertebraeusing
PMMA cement.2,11,25,47,53,59,61,62 The aim of many of
these studieswas to investigate the consequences and long
term complications observed following vertebroplasty,
such as adjacent level vertebral fracture.58 Due to the
complicated interactions between the bone cement and
the cancellous bone, which is often mechanically com-
promised, the predictions of such models have been
associated with poor agreement with the results of con-
current experimental testing, as concluded by Wijayat-
hunga et al.61 There have been a number of
experimentally validated studies that have used compu-
tationalmodels to understand themechanisms that occur
during the burst fracture event in order to better
understand how the fracture is instigated and propa-
gates.27,48,63 In contrast, FE techniques do not yet appear
to have been used to model burst fractured vertebrae
following augmentation, or to investigate the structural
performance of different augmentation cements.
In this study, it was hypothesized that a newly
developed CaP cement could be used to restore the
mechanical behavior of traumatically fractured verte-
brae under static loading conditions, to similar values
obtainable from a PMMA augmentation. The aim was
to use a combination of FE modeling and experimental
testing to evaluate, compare and predict the ability of
the two augmentation cements to restore the mechan-
ical stability. Since the deﬁnition of spinal stability is
somewhat ambiguous, standardized engineering mea-
surements of stiﬀness and strength were used to com-
pare treated and non-treated fractured specimens
against intact vertebrae. The FE models were then
utilized to determine the eﬀect of cement modulus on
the stiﬀness of the specimens.
METHODS
Outline
An outline of the experimental and computational
methods is presented in Fig. 1, and described in further
detail below.
Experimental Tests
An experimental procedure for fracture generation
and augmentation of porcine vertebrae was developed
previously and is described in detail elsewhere.52 In
brief, traumatic fractures were generated in a series of
porcine vertebrae using a drop-weight method. The
fractured vertebrae were potted in PMMA end caps
and imaged using micro computed tomography (lCT)
with a voxel size of 74 lm (lCT80 Scanco, Switzer-
land). The fractures generated within this study were
predominantly Denis type-A fractures. This was
determined using a scoring technique adapted from
Panjabi et al.,44 whereby a grid is superimposed on to
the images of the fractured vertebral body and the
vertebral sections within the grid squares are assigned a
score based on the severity of the fracture between 0
(no fracture evident) and 2 (severe or multiple frac-
tures). This was normalized for a selection of images
spanning the height of the damaged vertebrae and
compared to a threshold score, which determined the
specimen’s inclusion in the study. This technique is
described in more detail in previous studies.51,52 The
selected specimens (n = 17) were then tested under
axial compression up to a certain predeﬁned axial load
in a materials testing machine (Instron 3366 10kN,
Instron, USA) at a loading rate of 1 mm/min. The load
was applied via a ball within a steel housing to allow
the upper cement end cap to tilt (Fig. 2). The stiffness,
which was used to compare to predictions obtained
from FE models, was determined as the largest gradi-
ent of the load–displacement curve obtained over
a 0.6 mm displacement range, based on previous
TARSUSLUGIL et al.752
studies.61 A radiopaque marker embedded within the
top cement end cap was used to locate the specimen
relative to the loading point (Fig. 2).
Twelve fractured vertebrae were selected at random
and each specimen underwent a bi-pedicular verteb-
roplasty procedure using either a laboratory grade
PMMA cement (WHWPlastics, Hull, UK) (n = 6) or a
CaP cement variation (n = 6) designed and developed
at Queen’s University, Belfast.39 The formulation of the
CaP cement was similar to that used in the previous
study,52 however a higher liquid to powder ratio of
0.5 mL/g was used to provide a less viscous, more
injectable material, but with a lower elastic modulus.40
Development of Models of Fractured Vertebrae
FE models of the fractured vertebrae were ﬁrst
generated from the lCT image data. Each specimen
was converted from DICOM into TIF format and the
images were imported into an image-processing pack-
age (ScanIP version 4.2, Simpleware Ltd., UK). The
image data for each specimen was down-sampled to
reduce the voxel size from 0.074 mm to 1 mm, using a
partial volume eﬀect algorithm.
The models were segmented in the following way: A
threshold operation was used to create a mask which
captures the bone regions only, leaving the fracture
Traumatic fracture generation
µCT imaging
Experimental testing Computational modelling
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augmented specimens
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FIGURE 1. Experimental and computational methodology used within this study.
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FIGURE 2. Loading Scenario and radiopaque marker location.51
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gaps and mounting plates un-segmented. The bone
mask was duplicated and a morphological closing
operation using a kernel size of 2 pixels3 was imple-
mented to ﬁll in the region of copied bone mask that
was deemed to be fracture region. A Boolean sub-
traction was then used to create separate non-over-
lapping masks for the bone and the fracture. Any
regions deemed to be not part of the fracture were then
removed manually from the fracture mask. The cement
mounting plates and delrin markers were segmented in
a similar way.
In total, ﬁve separate material regions (‘‘masks’’)
were created for the vertebra, the two PMMA cement
mounts, the fracture gap and the radiopaque marker.
The location of the marker was recorded for the sub-
sequent FE models and it was then removed from the
model since no load was transmitted through it.
Following the threshold operations the models were
meshed, using a mix of tetrahedral and hexahedral
elements, with an approximate element size of 1 mm3
(by direct voxel to element conversion) which has been
shown previously to be sufﬁcient to predict the stiffness
of vertebrae modeled using the same approach.23
During the image to mesh conversion, a smoothing
operation was used based on the underlying grayscale
of the image, this ensured a closer morphological
match to the underlying image was achieved (Scan FE
version 4.2, Simpleware Ltd., UK).
Material properties were then assigned to the model.
All materials were assumed to be linearly elastic and
isotropic. The PMMA cement end caps were assigned
an elastic modulus of 2.45 GPa61 and a Poisson’s ratio
of 0.3.18,42,61 The elastic modulus of each vertebral
bone element was linearly related to the gray-scale of
the corresponding image voxel, since previous studies
have shown that the use of a linear relationship
between gray-scale and elastic modulus yielded similar
accuracy to the use of power–law relationships.61 A
Poisson’s ratio of 0.3 was used for all the bone ele-
ments; it has previously been shown23 that the model
predictions were relatively insensitive to the choice of
this parameter.
Due to the large number of fracture surfaces within
the vertebrae, the implementation of contact between
them would likely lead to mesh penetration and model
convergence issues during solution. In addition, any
contact interaction deﬁnition would have been based on
assumptions which would not be possible to experi-
mentally validate. Instead, the fracture gaps were ﬁlled
with a relatively low modulus material (1 9 1029 GPa,
Poisson’s ratio, u = 0.3) to simulate the fracture gaps
allowing relative movement of the bone fragments
without the surfaces overlapping each other.
A sensitivity study was conducted in which the
elastic modulus of the fracture gap was changed
incrementally for one of the specimens until its eﬀect
on the vertebral stiﬀness was undetectable; it was then
further reduced by three orders of magnitude, to en-
sure the fracture material did not aﬀect the vertebral
stiﬀness of any of the other specimens which may have
a slightly more severe fracture pattern.
Each model was imported into a FE software
package (Abaqus version 6.9, Simulia, Dassault Sy-
stemes, France). Datum axes were created using the
coordinates obtained from the position of the radi-
opaque marker. A steel plate was added to the model
(E = 210 GPa, t = 0.3, mesh size = 1 mm3) and
positioned on top of the specimen using the datum
axes. A compressive load of 4.5 kN acting vertically
downwards was applied to the model via an analytical
rigid disk which was positioned over the steel plate,
Fig. 3. The analytical plate was constrained so that it
could not move in the horizontal plane, but was free to
rotate; this represented the ball contact between the
material testing rig and the steel plate described in the
experimental testing. Boundary conditions were
applied to the model on the ﬂat base of the lower
PMMA plate to replicate the experimental load
Modelled steel plate 
Depiction of the hole in the 
centre of the steel plate 
Load applied to 
rigid plate 4.5 kN
FIGURE 3. Example of FE model of single vertebra specimen.
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conditions. The stiffness values of the specimens were
calculated using the displacement of the loading point
on the plate that occurred at 4.5 kN of load.
In order to determine the appropriate factor for
converting image gray-scale data into the elastic
modulus values for the bone, a development set of six
models was initially used. The conversion factor was
iteratively changed until the mean error between the
experimental stiﬀness values and the corresponding
model predicted values was minimised. To determine
the accuracy of this method, the derived conversion
factor was applied to the bone elements in the
remaining models (n = 11) and their predicted stiffness
values were compared to the corresponding experi-
mental values.
Development of Models of Augmented Specimens
A similar methodology to that described in the
previous section was used to model the specimens
following cement augmentation. The lCT images of
the specimens were imported into the image processing
software and masks representing each of the compo-
nents were generated as before. An additional mask
representing the cement injected into the fracture site
was made using appropriate threshold operations.
Based on the cement type injected, these regions were
subsequently assigned properties of 1.035 and
0.585 GPa for the PMMA and CaP materials respec-
tively, determined from experimental compression
tests39,51; a Poisson’s ratio of 0.3 was applied for both
cement types. For the bone material properties, the
relationship between the image grayscale and the
elastic modulus determined from modeling the frac-
tured specimens was applied. After the models were
solved, the predicted stiffness values were calculated by
dividing the load applied to the top of the analytical
rigid plate by the displacement recorded in the axial
direction, these stiffness values was compared to the
corresponding stiffness values recorded experimen-
tally.
Analysis of Cement Properties and Fracture Fill
From the lCT images of the pre- and post-aug-
mentation specimens, the volumes of the cement and
fracture void regions were determined using the image
analysis software (ScanIP version 4.2, Simpleware
Ltd., UK). The volume of cement was then calculated
as a percentage ﬁll of the total fracture volume for each
specimen.
The FE models were then used to evaluate the rel-
ative importance of cement modulus and percentage
ﬁll of the fracture by altering the material properties of
the cement.
The cement regions in all of the augmented speci-
mens (n = 12) were ﬁrst assigned an elastic modulus
representing the PMMA cement (1.035 GPa). Then the
cement regions were all assigned the modulus of CaP
cement (0.585 GPa). In both cases, the models were
solved and the stiffness predictions were obtained. This
FE modeling method enabled comparison of two very
different cement types, with a large variation in mod-
ulus and injection volumes.
Statistical Analysis
The experimentally obtained mean stiﬀness and
ultimate failure strength of specimens augmented using
the CaP and PMMA cements were compared with the
values obtained from the independent set of fractured
specimens (n = 5) that were not augmented with either
cement. Using results obtained previously from a study
of intact porcine vertebrae,52 the stiffness and failure
load values were also compared against the values
obtained for the fractured and two augmented groups
of specimens using a one-way analysis of variance
(ANOVA, a = 0.05, the null hypothesis was that the
means of the groups were equal) and post hoc tests
[Tukey–Kramer (T–K) test, a = 0.05, for stiffness and
failure load]. A two-tailed, unpaired t test was used to
compare the percentage fracture ﬁll of the two cements
injected (a = 0.05), the null hypothesis was that the
mean values of the percentage fracture ﬁll resulting
from injection of the two cements were equal. The
dependent variables were the stiffness and the failure
load and the independent variable was the state of the
specimen under test (intact specimen, fractured with no
treatment, fractured/augmented using PMMA and
fractured/augmented using CaP 0.5 l/p ratio). The
agreement between the experimental results and those
predicted from the FE models was assessed graphically
using mean-difference plots as proposed by Bland and
Altman.4 In addition, the agreement was assessed
using the concordance correlation coefﬁcient described
by Lin32 which measures the variation from the line of
perfect ﬁt (i.e., the 45 line through the origin). The
Pearson’s correlation coefﬁcient between percentage of
the fracture ﬁlled and the increase in specimen stiffness
following vertebroplasty was also calculated for the
different cements (two-tailed test, n = 12, a = 0.1).
RESULTS
Experimental Results
From the analysis of the lCT images, the mean
proportion of the fracture voids ﬁlled with CaP and
PMMA cement was 36% (SD = 12.5%) and 53%
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(SD = 5.5%) respectively. This suggests that the
PMMA cement penetrated the fracture gaps signiﬁ-
cantly better than the CaP cement (p = 0.025).
It was found that the fractured specimens had a
signiﬁcantly lower mean stiﬀness than the intact spec-
imen group (ANOVA: F(3,44) = 22.9, p = 4.3 9
1029, T–K test: a = 0.05). The mean stiffness values of
the augmented sets of specimens were also found to be
signiﬁcantly lower than those of the intact specimens
(T–K test: a = 0.05), indicating that neither of the
cements injected were able to fully restore axial stiff-
ness to the intact specimen level. Furthermore, neither
of the cements injected were found to increase the
mean specimen stiffness signiﬁcantly, when compared
to the fractured specimens (T–K test: a = 0.05), Fig. 4.
Signiﬁcant increases in failure load were found for
the specimen sets augmented with PMMA and CaP
cement when compared to their pre-augmentation
values (ANOVA: F(2,15) = 7.16, p = 0.0066, T–K
test: a = 0.05), Fig. 5, despite the modulus of the CaP
cement being lower than that of the PMMA cement
used (0.585 and 1.035 GPa, respectively).
Computational Model Validation Results
The agreement between the experimental and FE-
predicted stiﬀness of the traumatically fractured and
augmented specimens is presented in Figs. 6 and 7. The
FE models were found to predict the stiffness of the
fractured and augmented specimens reasonably well
based on the results presented, with a concordance
correlation coefﬁcient of 0.6932 excluding the devel-
opment set results. The absolute mean percentage
errors of the FE stiffness predictions when compared
to the experimental results for the fractured and aug-
mented sets were 20.9 and 12.1% respectively.
Computational Analysis of Cement Properties and
Fracture Fill
From the results comparing the predicted stiﬀness
of the models following augmentation, it appears that
the FE models were more sensitive to the percentage of
the fracture that was ﬁlled with cement than to the
cement modulus. There was a moderate positive cor-
relation between percentage of the fracture ﬁlled and
the increase in specimen stiﬀness following verteb-
roplasty, especially for the PMMA augmented speci-
mens Pearson’s correlation coeﬃcient = 0.51
(p< 0.10) for PMMA and 0.48 (p> 0.10) for CaP.
DISCUSSION
The use of vertebroplasty for the treatment of
osteoporotic fractures has received considerably more
attention22,31,56,57,64 than its application in traumatic
spinal fracture management.34,36,52 There have also
been considerable efforts to improve the mechanical
properties and the delivery of CaP cements5,6,20,39 in an
attempt to develop a superior, osteoconductive alter-
native to PMMA, for use in vertebroplasty. In con-
trast, few groups have used FE modeling to investigate
the effects of vertebroplasty on the biomechanics of the
traumatically injured spine. The aim of the present
33063036 3631 5866
0
1000
2000
3000
4000
5000
6000
7000
Pre-aug (n=5) CaP 0.5 mL/g (n = 6) PMMA (n = 6) Intact (n = 12)
St
iff
ne
ss
 (N
/m
m)
Specimen groups
CaP 0.5 mL/g (n = 6) Pre-aug (n=5) PMMA (n = 6) Intact (n = 12)
*
FIGURE 4. Comparison of mean of specimen stiffness (6 SD) pre- and post-augmentation using the different cement types
(*significant difference p< 0.05).
TARSUSLUGIL et al.756
study was to use a combined biomechanical testing and
computational approach to evaluate, predict and
compare the ability of PMMA and CaP cement to
restore stiffness and ultimate failure load of traumati-
cally fractured vertebrae following vertebroplasty.
Discussion of Methods
The use of specimen-speciﬁc FE models enabled
direct comparisons to be made between the model
predictions and the corresponding experimental re-
sults. The models were found to predict the stiﬀness of
both the fractured and augmented specimens eﬀec-
tively when compared to the equivalent experimental
results, especially when considering the large spread
found in the experimental stiﬀness data (1284–4322 N/
mm). In this study, traumatic fractures were generated
that yielded large regions of fractured material and
gaps within the specimen. The approach used to rep-
resent both the fracture gaps and the augmented region
appear to have been more successful than similar
methods used to simulate augmentation of compres-
sion fractures in osteoporotic vertebrae, where large
errors in the predictions have been found.61 The good
levels of agreement found here provided conﬁdence
that the traumatic fracture FE models could be used to
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investigate different augmentation scenarios; it would
not be possible to examine these different scenarios in a
controlled way experimentally. The specimen-speciﬁc
approach also meant that a range of different fracture
severities were represented in the study rather than a
single ‘‘standardized’’ fracture.
One of the most important steps in generating the
models is the down-sampling of the image data. A
previous study where the factors inﬂuencing FE ver-
tebral model predictions were investigated,23 found a
voxel size of 2 mm was optimum for modeling single
vertebral bodies since larger sources of error arose
from inaccurate location of applied boundary condi-
tions than from a reduction in element size below this
value. A voxel size of 1 mm3 was chosen in the present
study (resulting in approximate element size of 1 mm3)
to allow for the inclusion of the more complicated
geometry of the posterior elements and fracture gaps
within the vertebra. A reduction of voxel size smaller
than 1 mm3 would mean that the voxel size would
begin to be within the size range for the trabecular
spaces within the bone (0.35–0.77 mm).54,55 Other
studies67 have also found that there was some evidence
of convergence at larger element sizes (where the ele-
ment sizes were much larger than the trabecular
spaces), but as the image resolution neared that of the
trabecular structure itself, there was instability, since
the elements were beginning to represent either tra-
becular space or trabecular bone, rather than the
average of the two. For this reason further reductions
of the voxel size may not signiﬁcantly improve the
model predictions for vertebral stiffness especially
when compared to the increase of computational ex-
pense and extra time required to process the images.
A limitation of this study was in the use of a porcine
model to represent human spinal tissue; this was dis-
cussed in detail in a previous study.52 In brief, a
number of studies have analyzed or compared human
and porcine tissue8,12,54,55 concluding that porcine
vertebral bone is a reasonable model for human tissue.
However, porcine vertebrae was far less porous than
that of available human cadaveric tissue, which is often
from a much older cohort than the patients typically
susceptible to traumatic burst fracture.3,7 While it is
likely that the porosity of the porcine bone limited the
penetration of the cements into the trabecular struc-
ture, the model used here effectively represents the
worst case scenario for the injection of the cement.
When considering the causes of spinal burst fracture
and the mean age of the typical patient presented, the
porcine model was therefore deemed acceptable as a
representation of young human tissue.
Discussion of Results
From the experimental results, the CaP cement
tested in this study increased the axial stiﬀness and
ultimate failure load of the vertebrae to similar levels
when compared to the PMMA cement despite the
diﬀerences between the compressive moduli of the two
materials. The penetration of PMMA into the fracture
gaps of the vertebrae was signiﬁcantly better
(p< 0.05), despite studies indicating CaP cement has a
lower viscosity than PMMA cement prior to injection,
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measured using a parallel plate rheometer.17,41 The
difference in injectability, is therefore thought to be
due to ‘‘ﬁlter pressing’’ occurring during injection of
the CaP cement, this is deﬁned as the separation of the
liquid from the cement suspension, occurring when the
pressure necessary for cement extrusion is greater than
the pressure required to ﬁlter the liquid through the
cement powder.6 Following the injection of the CaP
cement, there was evidence of some ﬁlter pressing
having occurred from examination of the contents of
the syringe barrel, however the extent of this was less
when compared to the more viscous CaP cement (L:P
0.35 mL/g) used in the previous study.52 This is evi-
denced by the difference in the mean fracture void ﬁll
recorded, CaP L:P 0.5 mL/g cement 36%
(SD ± 12.5%) void ﬁll compared to 27% (SD ± 13)
void ﬁll for CaP L:P 0.35 mL/g.52 While these differ-
ences were not statistically signiﬁcant, the less viscous
cement would seem to improve the injection perfor-
mance, a similar ﬁnding was also concluded in a study
by Dunne et al.,17 in which, increasing the liquid to
powder ratio of the CaP formulation from 0.35 to
0.5 mL/g made the cement more workable, improved
the mixing and considerably increased the injectability,
61% compared to 95% respectively.17 These ﬁndings
indicate that the viscosity of the cement and resulting
penetration of the cement into the fracture volume
appears to have a prominent inﬂuence on the restora-
tion of the mechanical stability of the vertebra.
When comparing the vertebral stiﬀness of the aug-
mented specimen sets, it is clear that, while there is
some improvement of the stiﬀness (p> 0.05) over the
pre-augmentation values (Fig. 3), it is still signiﬁcantly
lower (p< 0.05) than the stiffness of the intact speci-
mens.52 In contrast, the ultimate failure load of the
augmented specimens, for both cement types used, was
signiﬁcantly higher than the pre-augmented case
(p< 0.05). Due to limitations of the load cell used
(10kN maximum) the ultimate failure load could not
be fully determined for the intact specimens. This
however does seem to suggest that the augmentation
procedure did not fully restore ultimate failure load to
intact levels. These are important ﬁndings when con-
sidering the use of PMMA as the augmentation
material since PMMA is not osteoconductive and has
no capacity to be resorbed and replaced by bone. It is
therefore reasonable to assume that the stiffness and
strength increases brought about by the PMMA aug-
mentation are likely to be at their maximum immedi-
ately after the cement has set. In contrast, when
injected in vivo, the CaP cement is capable of being
resorbed and facilitates the occurrence of fracture
healing and bone regrowth,43 thereby encouraging
longer term stability of the vertebrae. Therefore con-
sidering the similarity in the performance of both of
the cements tested in the present study, the CaP cement
may be the preferred option in these cases.
The results obtained from the FE models to assess
the eﬀect of cement modulus and percentage fracture
ﬁll demonstrate greater increases in stiﬀness resulted as
a consequence of volume of cement injected rather
than by the diﬀerence in modulus between the cements
tested. This substantiates the experimental ﬁndings,
suggesting that while the cement modulus is an
important factor in the restoration of vertebral stabil-
ity, the injectability and penetration of the cement into
the fracture site also has a very prominent eﬀect. The
CaP cement used in the present study appears to per-
form similarly when compared to the PMMA cement,
and beneﬁts such as bioactivity and the possibility of
bone remodeling may further improve the cements
performance in the longer term. However, the handling
and delivery of the CaP cement requires further
improvement and standardisation in order to enhance
the predictability of the cement type in situ and for the
cement to be a viable alternative to PMMA cement.
This has been the focus of a number of studies in recent
years.6,20
While this study presented a static loading model,
further work is required to examine the performance of
CaP cements under cyclic loading conditions. It is
particularly relevant to study the fatigue behavior of
the characteristically brittle, CaP cements, as any
failure that occurs in this case is likely to cause an
immediate reduction in structural integrity of the ce-
ment, potentially reducing the stability of the fracture.
Failure in such a manner may cause the cement to
fragment and particles subsequently, may trigger
osteolysis in the augmented vertebra, this is an issue
that would require further investigation following
appropriate fatigue testing. With consideration to this
issue, other authors have looked into combining
PMMA and CaP cements together to obtain the ben-
eﬁts of both the materials, in particular the desired
fatigue and failure response of PMMA and the
potentially osteoconductive properties of CaP, thus
improving the bioactivity of the PMMA cement.33
This study presented a combined computational and
experimental approach to investigate the biomechani-
cal performance of two cements for the augmentation
of traumatically-fractured vertebrae. The results indi-
cated that neither the CaP cement nor PMMA cement
could completely restore the vertebral behavior to the
intact level, and that the eﬀectiveness of the procedure
was more inﬂuenced by the amount of fracture void
ﬁlled with cement than by the mechanical properties of
the cement itself. This indicates that a low modulus
CaP cement variation may be eﬀective if it can be in-
jected to penetrate all of the fracture voids. The
methods presented here will be used in future to
Burst Fractures Augmentation Using PMMA and CaP Cements 759
investigate other clinical scenarios and augmentation
options.
ACKNOWLEDGMENTS
The authors would like to thank Vishal Borse (Spe-
cialist Registrar Trauma and Orthopaedics, Yorkshire
and Humber Deanery) for his guidance in the verteb-
roplasty technique. This study was funded by the
Engineering and Physical Sciences Research Council
(EPSRC) under grants EP/E022332/1 and EP/E022863/
1. In addition, it was partially funded through WEL-
MEC, a Centre of Excellence in Medical Engineering
funded by theWellcome Trust and EPSRC, under grant
number WT 088908/Z/09/Z and also supported by the
National Institute for Health Research as part of a
collaboration with the Leeds Musculoskeletal Biomed-
ical Research Unit (LMBRU).
OPEN ACCESS
This article is distributed under the terms of the
Creative Commons Attribution License which permits
any use, distribution, and reproduction in any med-
ium, provided the original author(s) and the source are
credited.
REFERENCES
1Amoretti, N., E. Hovorka, P.-Y. Marcy, C. Lamasse, P.
Brunner, C. Roux, P. Chevallier, P. Boileau, and J.-N.
Bruneton. Burst fracture of the spine involving vertebrae
presenting no other lesions: the role of vertebroplasty. Clin.
Imaging 29(6):379–382, 2005.
2Baroud, G., J. Nemes, P. Heini, and T. Steffen. Load shift
of the intervertebral disc after a vertebroplasty: a ﬁnite-
element study. Eur. Spine J. 12:421–426, 2003.
3Bensch, F. V., M. P. Koivikko, M. J. Kiuru, and S. K.
Koskinen. The incidence and distribution of burst frac-
tures. Emerg. Radiol. 12:124–129, 2006.
4Bland, J. M., and D. G. Altman. Measuring agreement in
method comparison studies. Stat. Methods Med. Res.
8(135):135–160, 1999.
5Bohner, M. Physical and chemical aspects of calcium
phosphates used in spinal surgery. Eur. Spine J. 10:S114–
S121, 2001.
6Bohner, M., and G. Baroud. Injectability of calcium
phosphate pastes. Biomaterials 26(13):1553–1563, 2005.
7Briem, D., A. Behechtnejad, A. Ouchmaev, M. Morfeld,
K. Schermelleh-Engel, M. Amling, and J. Rueger. Pain
regulation and health-related quality of life after thoraco-
lumbar fractures of the spine. Eur. Spine J. 16(11):1925–
1933, 2007.
8Busscher, I., J. J. W. Ploegmakers, G. J. Verkerke, and A.
G. Veldhuizen. Comparative anatomical dimensions of the
complete human and porcine spine. Eur. Spine J.
19(7):1104–1114, 2010.
9Chen, J. F., and S. T. Lee. Percutaneous vertebroplasty for
treatment of thoracolumbar spine bursting fracture. Surg.
Neurol. 62:494–500, 2004.
10Chen, J. F., C. T. Wu, and S. T. Lee. Percutaneous ver-
tebroplasty for the treatment of burst fractures. J. Neuro-
surg. Spine 1(2):228–231, 2004.
11Chen, X., H. Li, and X. Yang. A patient-speciﬁc approach
to assessment of biomechanical stability following percu-
taneous vertebroplasty using ct images. In: International
Conference on Complex Medical Engineering, 2007. CME
2007, IEEE/ICME, 2007.
12Dath, R., A. D. Ebinesan, K. M. Porter, and A. W. Miles.
Anatomical measurements of porcine lumbar vertebrae.
Clin. Biomech. 22:607–613, 2007.
13Denis, F. Spinal instability as deﬁned by the three-column
spine concept in acute spinal trauma. Clin. Orthop. Relat.
Res. 189:65–76, 1984.
14Deramond, H., N. T. Wright, and S. M. Belkoff. Temper-
ature elevation caused by bone cement polymerization dur-
ing vertebroplasty. Bone 25(Supplement 2):17S–21S, 1999.
15Doody, O., C. Czarnecki, M. F. Given, and S. M. Lyon.
Vertebroplasty in the management of traumatic burst
fractures: a case series. J. Med. Imaging Radiat. Oncol.
53:489–492, 2009.
16Dunne, N., and J. Orr. Thermal characteristics of curing
acrylic bone cement. J. Mater. Sci. Mater. Med. 13(1):17–
22, 2003.
17Dunne, N. J., R. O’Hara, F. Buchanan, and J. Orr. Effect
of liquid/liquid ratio on the setting, handling and
mechanical properties of collagen-apatitic cements. Key
Eng. Mater. 493–494:415–421, 2012.
18Dunne, N. J., and J. F. Orr. Inﬂuence of mixing techniques
on the physical properties of acrylic bone cement. Bioma-
terials 22(13):1819–1826, 2001.
19Eriksson, R. A., T. Albrektsson, and B. Magnusson.
Assessment of bone viability after heat trauma. A histo-
logical, histochemical and vital microscopic study in the
rabbit. Scand. J. Plast. Reconstr. Surg. 18:261–268, 1984.
20Habib, M., G. Baroud, L. Galea, and M. Bohner. Evalu-
ation of the ultrasonication process for injectability of
hydraulic calcium phosphate pastes. Acta Biomater.
8(3):1164–1168, 2012.
21Holdsworth, F. W. Fractures, dislocations, and fracture
dislocations of the spine. J. Bone Joint Surg. 45:6–20, 1963.
22Hong, S.-J., Y.-K. Park, J. H. Kim, S. H. Lee, K. N. Ryu,
C. M. Park, and Y. S. Kim. The biomechanical evaluation
of calcium phosphate cements for use in vertebroplasty. J.
Neurosurg. Spine 4(2):154–159, 2006.
23Jones, A., and R. K. Wilcox. Assessment of factors inﬂu-
encing ﬁnite element vertebral model predictions. J. Bio-
mech. Eng. 129:898–903, 2007.
24Jones, H. L., A. L. Crawley, P. C. Noble, A. J. Schoenfeld,
and B. K. Weiner. A novel method for the reproducible
production of thoracolumbar burst fractures in human
cadaveric specimens. Spine J. 11(5):447–451, 2011.
25Keller, T. S., V. Kosmopoulos, and I. H. Lieberman.
Vertebroplasty and kyphoplasty affect vertebral motion
segment stiffness and stress distributions. Spine
30(11):1258–1265, 2005.
26Knavel, E. M., K. R. Thielen, and D. F. Kallmes. Ver-
tebroplasty for the treatment of traumatic nonosteoporotic
compression fractures. AJNR Am. J. Neuroradiol. 30:323–
327, 2009.
TARSUSLUGIL et al.760
27Langrana, N. A., R. D. Harten, D. C. Lin, M. F. Reiter,
and C. K. Lee. Acute thoracolumbar burst fractures: a new
view of loading mechanisms. Spine 27:498–508, 2002.
28Leucht, P., K. Fischer, G. Muhr, and E. J. Mueller. Epidemi-
ology of traumatic spine fractures. Injury. 40:166–172, 2009.
29Li, C., J. Mason, and D. Yakimicki. Thermal character-
ization of pmma-based bone cement curing. J. Mater. Sci.
Mater. Med. 15(1):85–89, 2004.
30Liebschner, M. A. K., D. L. Kopperdahl, W. S. Rosenberg,
and T. M. Keaveny. Finite element modeling of the human
thoracolumbar spine. Spine 28(6):559–565, 2003.
31Lim, T. H., G. T. Brebach, S. M. Renner, W. J. Kim, J. G.
Kim, R. E. Lee, G. B. J. Andersson, and H. S. An. Bio-
mechanical evaluation of an injectable calcium phosphate
cement for vertebroplasty. Spine 27(12):1297–1302, 2002.
32Lin, L. I.-K. A concordance correlation coefﬁcient to
evaluate reproducibility. Biometrics. 45(1):255–268, 1989.
33Lopez-Heredia, M. A., Y. Sa, P. Salmon, J. R. de Wijn, J.
G. Wolke, and J. A. Jansen. Bulk properties and bioactivity
assessment of porous polymethylmethacrylate cement loa-
ded with calcium phosphate under simulated physiological
conditions. Acta Biomater. 8(8):3120–3127, 2012.
34Lu, W. W., K. M. C. Cheung, Y. W. Li, K. D. K. Luk, A.
D. Holmes, Q. A. Zhu, and J. C. Y. Leong. Bioactive bone
cement as a principal ﬁxture for spinal burst fracture an
in vitro biomechanical and morphologic study. Spine
26(25):2684–2691, 2001.
35Magerl, F., M. Aebi, S. Gertzbein, J. Harms, and S. Naz-
arian. A comprehensive classiﬁcation of thoracic and
lumbar injuries. Eur. Spine J. 3:184–201, 1994.
36Mermelstein, L. E., R. F. McLain, and S. A. Yerby.
Reinforcement of thoracolumbar burst fractures with cal-
cium phosphate cement. A biomechanical study. Spine
23(6):664–670; discussion 670–671, 1998.
37Nakano, M., N. Hirano, K. Matsuura, H. Wantanabe, H.
Kitagawa, H. Ishihara, and Y. Kawaguchi. Percutaneous
transpedicular vertebroplasty with calcium phosphate ce-
ment in the treatment of osteoporotic vertebral compres-
sion and burst fractures. J. Neurosurg. 97(3):287–293, 2002.
38Noaillya, J.,H. J.Wilkeb, J.A.Planella, andD.Lacroix.How
does the geometry affect the internal biomechanics of a lum-
bar spine bi-segment ﬁnite element model? Consequences on
the validation process. J. Biomech. 40:2414–2425, 2007.
39O’Hara, R.M., N. J. Dunne, J. F. Orr, F. J. Buchanan, R. K.
Wilcox, and D. C. Barton. Optimisation of the mechanical
and handling properties of an injectable calcium phosphate
cement. J. Mater. Sci. Mater. Med. 21:2299–2305, 2010.
40O’Hara, R. M., J. F. Orr, F. J. Buchanan, R. K. Wilcox, D.
C. Barton, and N. J. Dunne. Development of a bovine
collagen-apatitic calcium phosphate cement for potential
fracture treatment through vertebroplasty. Acta Biomater.
8(11):4043–4052, 2012.
41Ormsby, R., T. McNally, C. Mitchell, P. Halley, D. Mar-
tin, T. Nicholson, and N. Dunne. Effect of mwcnt addition
on the thermal and rheological properties of polymethyl
methacrylate bone cement. Carbon 49(9):2893–2904, 2011.
42Orr, J. F., N. J. Dunne, and J. C. Quinn. Shrinkage stresses
in bone cement. Biomaterials 24(17):2933–2940, 2003.
43Palmer, G. I. Biological Evaluation of Calcium Phosphate
Bone Cements for Spinal Repair. Ph.D. Thesis, School of
Mechanical and Aerospace Engineering, Queen’s Univer-
sity Belfast, 2013.
44Panjabi, M. M., T. R. Oxland, M. Kifune, M. Arand, L.
Wen, and A. Chen. Validity of the three-column theory of
thoracolumbar fractures. Spine 20(10):1122–1127, 1995.
45Peter Reeves, N., K. S. Narendra, and J. Cholewicki. Spine
stability: the six blind men and the elephant. Clin. Biomech.
22(3):266–274, 2007.
46Poitout, D. G. Biomechanics and Biomaterials in Ortho-
pedics, 1st ed. London: Springer, pp. 603–604, 2004.
47Polikeit, A., L. P. Nolte, and S. J. Ferguson. The effect of
cement augmentation on the load transfer in an osteopo-
rotic functional spinal unit: ﬁnite-element analysis. Spine
28(10):991–996, 2003.
48Qiu, T. X., K. W. Tan, V. S. Lee, and E. C. Teo. Investi-
gation of thoracolumbar t12–l1 burst fracture mechanism
using ﬁnite element method. Med. Eng. Phys. 28:656–664,
2006.
49Reitman, C. A. Management of Thoracolumbar Fractures.
Chicago: American Academy of Orthopaedic Surgeons,
2004.
50Schmidt, H., F. Heuer, J. Drumm, Z. Klezl, L. Claes, and
H. J. Wilke. Application of a calibration method provides
more realistic results for a ﬁnite element model of a lumbar
spinal segment. Clin. Biomech. 22:377–384, 2007.
51Tarsuslugil, S. Computational Modelling of Spinal Burst
Fractures for the Development of Calcium Phosphate Ce-
ment. Ph.D. Thesis, School of Mechanical Engineering,
University of Leeds, Leeds, 2011.
52Tarsuslugil, S. M., R. M. O’Hara, N. J. Dunne, F. J. Bu-
chanan, J. F. Orr, D. C. Barton, and R. K. Wilcox.
Development of calcium phosphate cement for the aug-
mentation of traumatically fractured porcine specimens
using vertebroplasty. J. Biomech. 46(4):711–715, 2013.
53Teo, J., S. C. Wang, and S. H. Teoh. Preliminary study on
biomechanics of vertebroplasty. Spine 32(12):1320–1328,
2007.
54Teo, J. C. M., K. M. Si-Hoe, and J. E. L. Keh. Hin Teoh,
S., Relationship between ct intensity, micro-architecture
and mechanical properties of porcine vertebral cancellous
bone. Clin. Biomech. 21:235–244, 2006.
55Teo, J. C. M., E. Y. L. Teo, V. P. W. Shim, and S. H. Teoh.
Determination of bone trabeculae modulus—an ultrasonic
scanning and microct (mct) imaging combination
approach. Exp. Mech. 46:453–461, 2006.
56Tomita, S., A. Kin, M. Yazu, and M. Abe. Biomechanical
evaluation of kyphoplasty and vertebroplasty with calcium
phosphate cement in a simulated osteoporotic compression
fracture. J. Orthop. Sci. 8(2):192–197, 2003.
57Tomita, S., S. Molloy, L. E. Jasper, M. Abe, and
S. M. Belkoff. Biomechanical comparison of kyphopl-
asty with different bone cements. Spine 29(11):1203–1207,
2004.
58Trout, A. T., D. F. Kallmes, and T. J. Kaufmann. New
fractures after vertebroplasty: adjacent fractures occur
signiﬁcantly sooner. AJNR—Am. J. Neuroradiol. 27:217–
223, 2006.
59Tschirhart, C. E., S. E. Roth, and C. M. Whyne. Biome-
chanical assessment of stability in the metastatic spine
following percutaneous vertebroplasty: effects of cement
distribution patterns and volume. J. Biomech. 38:1582–
1590, 2005.
60Verlaan, J. J., F. C. Oner, and J. A. Dhert. Anterior spinal
column augmentation with injectable bone cements. Bio-
materials 27:290–301, 2006.
61Wijayathunga, V. N., A. C. Jones, R. J. Oakland, N. R.
Furtado, R. M. Hall, and R. K. Wilcox. Development of
specimen-speciﬁc ﬁnite element models of human vertebrae
for the analysis of vertebroplasty. Proc. Inst. Mech. Eng. H
222:221–228, 2008.
Burst Fractures Augmentation Using PMMA and CaP Cements 761
62Wilcox, R. The biomechanical effect of vertebroplasty on
the adjacent vertebral body: a ﬁnite element study. Proc.
Inst. Mech. Eng. H 220:565–572, 2006.
63Wilcox, R. K., D. J. Allen, R. M. Hall, D. Limb, D. C.
Barton, and R. A. Dickson. A dynamic investigation of the
burst fracture process using a combined experimental and
ﬁnite element approach. Eur. Spine J. 13(6):481–488, 2004.
64Wilke, H. J., U. Mehnert, L. E. Claes, M. M. Bierschne-
ider, H. Jaksche, and B. M. Boszczyk. Biomechanical
evaluation of vertebroplasty and kyphoplasty with poly-
methyl methacrylate or calcium phosphate cement under
cyclic loading. Spine 31(25):2934–2941, 2006.
65Woldtvedt, D. J., W. Womack, B. C. Gadomski, D.
Schuldt, and C. M. Puttlitz. Finite element lumbar spine
facet contact parameter predictions are affected by the
cartilage thickness distribution and initial joint gap size. J.
Biomech. Eng. 133(6):061009, 2011.
66Womack, W., P. D. Leahy, V. V. Patel, and C. M. Puttlitz.
Finite element modeling of kinematic and load transmis-
sion alterations due to cervical intervertebral disc replace-
ment. Spine 36(17):E1126–E1133, 2011.
67Zhao, Y. Finite Element Modelling of Cement Augmen-
tation and Fixation for Orthopaedic Applications. Leeds:
Mechanical Engineering, University of Leeds, 2010.
TARSUSLUGIL et al.762
